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Abstract 
The spine is an important and complex skeletal structure in the human body. It is a vulnerable part of our skeleton that is open to 
many medical problems. Hence it is necessary to establish a virtual spine model to assist surgeons to understand biomechanics of 
the spine. In this study, we aim to propose a virtual spine multi-body model. The computational biomechanical modeling of the 
spine is based on the theory of multi-body dynamics and implemented with SimBody open-source SDK. Simbody was then used 
to solve the kinetic equations and simulate the movement of spine. The spine model was validated by comparing its simulation 
results with experimental results from literature. The spine model will be helpful to understand biomechanics of the spine under 
loading. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of School of Engineering, Faculty of Science Engineering & Built Environment, Deakin 
University. 
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1. Introduction 
The spine is one of the most important and complex skeletal structures in the human body. It allows complex 
motions whilst providing stability and protection for the spinal cord during a variety of loading conditions. 
However, it is a very vulnerable part of our skeleton and it is open to many medical problems. Hence there is 
necessity to establish a virtual spine model to assist surgeons to understand biomechanics of the spine and help them 
assess medical conditions in the spine or the biomechanical responses of new surgical strategies. Computational 
biomechanical modeling of the spine has widely been used and shown great promise in providing valuable 
information in treatment processes. Multi-body modeling systems, FEMs, and their combination have been 
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extensively used to model the spine. Jalalian et al provided a detailed review about multi-body modeling methods 
applied in  the simulation of scoliotic spine [1].  Huynh presented a discretised musculoskeletal multi-body spine 
model using the LifeMOD Biomechanics Modeller [2]. In this paper, we represent a multi-body spine model built 
with Simbody and the model was validated by comparing its simulation results with experimental results from 
literature [3].  
2. Modeling of the Spine Based on Multi-Body Dynamics 
The human spine can be divided into the cervical zone (C1–C7), the thoracic zone (T1–T12), the lumbar zone 
(L1–L5), the sacral zone (S1–S5), and the coccyx. It is composed of vertebra, intervertebral discs, and ligaments. 
The inside of the intervertebral discs is a semi-liquid nucleus pulposus, and the outside is composed of fibrous rings. 
Ligaments are elastic and connect vertebrae or fibrous tissue. The spine can be considered as a system with a tree 
structure constituting of rigid bodies coupled with flexible bodies. We use the lumbar spine as an example to 
illustrate how to construct a multi-body model of the spine. The first step of construction is to set up the tree 
topological model of spine.  
2.1.  Kinematic modeling of spine with tree topology  
The lumbar spine consists of 11 parts (six vertebrae and five intervertebral discs) (Fig. 1). The generalized 
coordinate matrix of the system is y = y
1
T( y11T )
T
. The force elements 
ey
k
f
( k =1,…,
es ) form the matrix of 
generalized force about y , where the se  are the numbers of force elements. The global virtual power of whole 
force elements f ey  is ΔP = ΔyT f ey , and f ey = f
k
ey
k=1
se
∑ . 
The spine system can be represented as a rooted a tree structure. According to the variation principle of velocity, 
the dynamic equation of the lumbar system in velocity variation form can be described as: 
ΔvT (-M v+ f )+ΔP = 0   (1) 
where the mass matrix is M = diag(M 1,,M 11)  and the external force matrix is f = f 1
T(  f 11T )
T
. When 
doing recursive kinematic analysis for adjacent bodies, 
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yGv Δ=Δ   (3) 
and G =
G11  G1N
 
GN1  GNN
⎡
⎣
⎢
⎢
⎢
⎢
⎤
⎦
⎥
⎥
⎥
⎥
, g =
g
11
 g
1N
 
g
N1
 g
NN
⎡
⎣
⎢
⎢
⎢
⎢
⎤
⎦
⎥
⎥
⎥
⎥
, G0 = G10
T( GN 0T )
T
, where v0  is the absolute 
velocity of the root object (SAC), N  is 11, and 111  is a column array whose eleven elements are all 1. Substituting 
Equations (2) and (3) into Equation (1), 
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0)-( =++Δ eyT fzyZy     (4) 
and 
TT GMGZ =    (5) 
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 (6) 
Finally, the differential system dynamic equations are Z y = z+ f ey . 
To build a system with the tree structure of the lumbar spine, the matrices of generalized mass Z  and z  must be 
derived. In this way, a forward recursive group of SAC to L1 can be obtained. The system’s matrices of generalized 
mass and generalized force are constituted from a mass matrix and a force matrix: Z = Zi
i=1
11
∑ , z = zi
i=1
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∑ , and 
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By Equations (5) and (6), Zkl
i =Gik
T MiGil  and zk
i =Gik
T ( fi −M gil
l:l≤i
∑ −MiGi0 v0 )  ( i,k, l =1,…,11 ). 
Thus, the elements of Zi  and zi  are generated by deriving Gi0 , Gik , and gik . Therefore, the matrices of 
generalized mass Z  and z  can be obtained by forward recursion of the group of SAC to L1. 
2.2. Modeling and Simulation Based on Rigid-Flexible Multi-Body Dynamics 
Simbody was used to implement multi-body modeling and simulation[3]. Firstly, an inertial reference base O was 
created based on Simbody framework. The SAC vertebra was root object and was hence fully constrained in six 
degrees of freedom. The rest of vertebrae were connected in the way described in section 2.1 by spherical hinges. 
The vertebrae were constrained in three degrees of freedom (translation in the X, Y, and Z directions) in their local 
coordinate systems, i.e. only rotations were allowed. Constraint equations were then established to limit relative 
movement between adjacent bodies. Models of vertebra, intervertebral discs and ligaments were then constructed in 
Simbody and connected to the Simbody simulator.  
Vertebrae were regarded as rigid bodies. We constructed simplified adult spine vertebrae geometry. Fig. 1 shows 
a simplified model of vertebra.  
Intervertebral discs were regarded as flexible bodies. They are mainly composed of two parts: the annulus and the 
nucleus. The upper and lower surfaces of intervertebral discs are attached to the upper and lower surfaces of 
adjacent vertebrae. The intervertebral discs and vertebrae were coupled by constructing springs, dampers and 
actuators between them. Procedures to create coupling between intervertebral discs and vertebrae are as follows: 
1. Establishing spring-damper subsystem of intervertebral disc; 
2. Establishing generalized coordinates matrix and mass matrix of annulus; 
3. Establishing generalized coordinates matrix and mass matrix of nucleus; 
4. Setting the coupling points between intervertebral discs and vertebrae; 
5. Setting the material properties of annulus; 
6. Setting the material properties of nucleus; 
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7. Setting the data interface between the intervertebral disc subsystem and the main simulation solver. 
 
Fig. 1. Simplified Model of Vertebra 
 
Fig. 2. Models of intervertebral disc 
 
Fig. 3. Model of Ligaments 
Ligaments are represented by non-linear springs, which only receive stretching forces. The material properties of 
ligaments could be determined by comparing the length of ligaments with their length at rest. In this research, the 
Young’s modulus of anterior longitudinal ligament, posterior longitudinal ligament, yellow ligament, interspinous 
ligament are within the range of 5MPa to 30MPa and the range of Poisson's ratio is from 0.1 to 0.5. Procedures of 
modeling ligaments are as follows: 
1. Establishing spring-damper subsystem of ligament; 
2. Setting the coupling points between ligaments and vertebrae; 
3. Setting the coupling points between ligaments and intervertebral disc; 
4. Set the material properties of the ligament under compression; 
5. Set the material properties of the ligament under stretching forces; 
6. Setting the data interface between the ligament subsystem and the main simulation solver. 
Fig. 3. shows ligaments connect vertebrae and intervertebral discs.  
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Finally, the multi-body model of spine was assembled in Simbody and simulation could be executed. Figure 4(a) 
shows an example of the lumbar spine’s flexion and extension in the sagittal plane. Figure 4(b) shows the lumbar 
spine’s lateral bending in the coronal plane. 
 
(a)                                     (b) 
Fig. 4. Multi-Body Dynamic Simulation of Spine: (a) Flexion / Extension; (b) Lateral Bending. 
3. Validation of the spine model  
The validation of a system is to prove that the results from simulation correspond to the results of the real world 
scenario. In this study, simulation result is compared to in vitro data from the literature, in order to prove the validity 
of our spine model. The simulation results for the average stiffness of an FSU (functional spinal unit) were 
compared with the experimental results published by Yamamoto et al. The basic movements of the spine include 
flexion, extension, lateral bending, and torsion. A variety of movements in muscles and ligaments can be simulated 
by loading external forces or moments onto the spine. In this research, the vertebrae are treated as rigid bodies. The 
material properties of the soft tissue, such as IVDs (intervertebral discs) and ligaments, are shown in Table 1. 
Tab. 1 Material Property of IVDs and Ligaments 
Name Elasticity Modulus (MPa) Poisson's Ratio 
Fibrous Rings 
Nucleus Pulposus 
Anterior Longitudinal Ligaments 
Posterior Longitudinal Ligaments 
Ligamentum Flavum 
Interspinous Ligaments 
Supraspinous Ligaments 
295 
1 
20 
20 
19.5 
11.6 
15 
0.35 
0.499 
0.3 
0.3 
0.3 
0.3 
0.3 
 
The term functional spinal unit (FSU) refers to the basic unit of the spine, including two adjacent vertebrae, 
intervertebral discs and zygopophyses, etc[4]. The term FSU average stiffness refers to the ratio of the loading 
torque and the angular displacement, in units ofN ⋅m/° . The in-vitro experiments on the lumbar spine by 
Yamamoto et al. were FSU average stiffness measurements [5]. A l0N ⋅m  moment was applied to the FSU, and 
the FSU average stiffness was recorded. In these experiments, the same boundary conditions and loadings were 
applied to the proposed multi-body dynamic model, and FSU average stiffness values were also recorded. 
Figure 5 shows the comparison of the results of the simulation and of Yamamoto’s experiments [5]. The 
significance of the difference between simulation and experiment was tested using the sign test method. If the 
reliability α  was 0.05, then the confidence level was (1-α)×100%= 95% . Therefore, with 95% certainty, there 
was no significant difference between the simulation data in this study and the experimental results from Yamamoto 
et al. 
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(c)                                       (d) 
Fig. 5. Comparison Validation on FSU Average Stiffness with 10Nm Moments. (a)L1-L2 (b) L2-L3 (c) L3-L4 (d) L4-L5 
4. Discussion and Conclusions 
This paper has presented a modeling method for the virtual spine based on rigid-flexible multi-body dynamics. 
Dynamic system equations for a spine with a tree structure were developed based on the theory of multi-body 
dynamics. Simulation results from the proposed spine model were compared with published results from in-vitro 
experiments on FSU average stiffness and lumbar spine deformation. Comparing the in-vitro experiments with the 
simulation results, there was no significant difference at the 95% confidence level in FSU average stiffness.  
This model will be helpful to surgeons to understand biomechanics of the spine under loading. In addition to 
being able to simulate deformation behavior of the spine, our virtual spine may also be useful for assessing medical 
conditions of the spine or biomechanical response of new surgical strategies and new designs of medical instrument.  
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